1. Introduction {#sec0005}
===============

Experiences during early life, including infancy, can have profound effects on neuropsychological development in adolescence and even adulthood. Remarkably, while the impact of these experiences can endure throughout the lifespan, their memory fades with age. This paradox, known as infantile amnesia (IA), has dominated psychological research on the ontogeny of memory since the publication of Campbell and Spear's formative review on the subject nearly a half-century ago ([@bib0165]). In recent years, interest in the neural correlates of IA has been reignited, owing to developments in modern neuroscience techniques that have significantly advanced our understanding of the neurobiology of memory ([@bib0555]; [@bib0565]; [@bib0720]; [@bib0725]; [@bib1135]). Indeed, recent studies using some of these techniques have identified circuit and molecular mechanisms in the brain that are responsible for infantile forgetting ([@bib0030]; [@bib1230]; [@bib0455]). Thus, with the help of contemporary approaches, developmental neuroscience is now shedding light on decades-old questions about the infant mind and brain.

Capitalizing on these advances, we suggest that now is the time for researchers examining the neurobiology of infant and child memory to expand beyond IA. While IA may be the most well-studied and robust phenomenon in the ontogeny of memory, others such as infantile generalization (IG)---the bias towards memory generalization during early development---have also been described across species ([@bib0055]; [@bib0590]; [@bib1075]). Importantly, the neurobiology of IG and other aspects of developing memory (e.g., enhanced extinction and reversal learning ([@bib0400]; [@bib0450]; [@bib0550]), temporary suppression of fear memories ([@bib0095]; [@bib0895]), and others) are relatively unexplored, and neurobiological research on these phenomena may yield insights relevant to neurodevelopmental disorders ([@bib0185]).

In this review, we examine the ontogeny of memory persistence (IA) and specificity (IG) from both psychological and neurobiological perspectives. We first provide an overview of historical behavioral findings on IA, before moving onto neurobiological mechanisms contributing to IA that have recently been identified in the rodent hippocampus. Moving beyond IA, we then consider a different well-documented phenomenon in the ontogeny of memory, IG. To this end, we describe IG at the behavioral level and discuss previous psychological theories related to memory generalization during development. Finally, we offer several hypotheses on how the developing brain may produce generalized memories. Importantly, in our discussions of both IA and IG, we review human and nonhuman animal research together, with the goal of demonstrating that these phenomena in the ontogeny of memory---their behavioral phenotypes and their neural underpinnings---are conserved across species.

2. Psychological foundations of infantile amnesia {#sec0010}
=================================================

It is perhaps not surprising that IA has dominated research on the ontogeny of memory, as the phenomenon has intrigued scientists dating back to the late-nineteenth century ([@bib0500]; [@bib0790]; [@bib0940]; [@bib0360]). The earliest published accounts of IA heavily relied on retrospective surveys, and sometimes anecdotal evidence, to determine the earliest memories adults and older children could recall. Despite the methodological issues associated with these types of self-reports, these initial studies consistently found that the earliest experiences that could be recalled were for events that occurred around the third year of life, leading to Freud's definition of IA as "the failure of memory for the first years of our lives" ([@bib0360]). These initial findings have since been supported by numerous empirical studies published across the following century, all converging on the idea that the memories from our first years are absent, or at best limited ([@bib0555]; [@bib1060]; [@bib0930]; [@bib0915]). The key findings from this body of literature will be briefly summarized here, but a more complete account of these studies can be found in reviews by [@bib1035], [@bib1040], [@bib0115], and [@bib0555]).

It is now generally accepted that IA refers to the absence of episodic memories from the first 2--3 years of life and an additional period, sometimes referred to as childhood amnesia, from approximately 3--7 years of age from which our memories are low in number and quality ([Fig. 1](#fig0005){ref-type="fig"}A) ([@bib0555]; [@bib1060]; [@bib1055]). Interestingly, poorer memory for these early years of life seems to be distinct from normal forgetting in adulthood. For example, while a child in their early teens may find it difficult to remember events occurring 10 years ago, this is usually not an issue for younger and older adults, with the latter being able to recall memories from many decades prior. This suggests that the passage of time is not responsible for IA ([@bib1295]), but instead that IA represents a period of accelerated forgetting.Fig. 1**Infantile amnesia in humans and rodents.** (**A**) Memories for episodic events are increasingly forgotten over time in young children, while episodic memories in adults are more persistent. In the mnemonic similarity task, retention of previously learned objects increases with age. (**B**) In rodents, infantile amnesia of episodic-like memories can be modelled using contextual fear conditioning tasks. Juvenile rodents show rapid forgetting of the shock-paired environment (low freezing at recall), while adult mice exhibit fear (high freezing) over long delays.Fig. 1

Why then are early memories forgotten so quickly? IA typically refers to the loss of early declarative memories---memories for facts and events that can be consciously recalled ([@bib1190], [@bib1195]), including episodic memories. One possibility is that infants may not be able to form episodic memories, or memories for specific past events ([@bib1255]). However, research on children as young as 24 months (an age that allows infants to verbally retell experiences) has shown that infants are able to form memories for specific episodes and recount these memories in detail days and sometimes even weeks later ([@bib0125]; [@bib0520]; [@bib0850]; [@bib0105]). Therefore, episodic memories can be formed during early childhood, just not remembered over longer periods of time.

Infantile forgetting also cannot be accounted for by differences in memory encoding across development. In a series of experiments, Rovee-Collier and colleagues trained infants ranging from 2- to 18-months in operant tasks to meet the same response criteria (kicking in a mobile task or lever presses in a train task), which allowed the authors to ask whether infants rapidly forget because they initially form weaker memories. These studies showed that older infants still displayed better memory retention over longer intervals despite younger infants showing equivalent encoding ([@bib1035]; [@bib0470]; [@bib0475]). Thus, these studies demonstrated that weaker memory formation at younger ages is not responsible for IA. Rather, given equivalent encoding, memory retention appears to increase with age linearly over the first 18 months of life.

If memories during infancy can be remembered shortly after formation, but not later in life, what happens to them --- are these memories gone, or just inaccessible? In other words, does amnesia for early memories represent a failure of memory storage or memory retrieval? Experimental evidence from both human and animal models of IA suggests the latter; that infantile memories once forgotten can be reinstated (at least, partially) under the right conditions. For example, reminder treatments such as presenting a cue from learning can partially reinstate forgotten memories or extend the natural retention of memories in human infants ([@bib0510]; [@bib1045]; [@bib0220]). Similar work has been conducted using rodent models of IA, which have been especially useful for determining the fate of infantile memories over long stretches of time.

Studies examining infant memory in rodents also support that forgetting in IA is due to a retrieval deficit. Like humans, rodents rapidly forget episodic-like memories---memories for fearful and other novel events that occurred within a distinct context---that are formed during infancy ([Fig. 1](#fig0005){ref-type="fig"}B) ([@bib0450]; [@bib0160]; [@bib0965]; [@bib1015]; [@bib1290]). However, these memories encoded during infancy can be recovered later in life using reminders. Brief environmental reminders presented before retrieval can alleviate forgetting in fear, spatial navigation, and novelty-based memory tasks ([@bib1230]; [@bib0450]; [@bib1000]; [@bib1240]).

Recovering infantile memories with reminders in rodents requires presentation of cues that are very specific to the initial learning experience. For example, to reinstate infant contextual fear memories, rodents must be re-exposed to a shock stimulus or shock and training context presented on separate occasions ([@bib1230]; [@bib1155]; [@bib1185]). Likewise, after infant mice have forgotten the location of the escape platform in a watermaze (an episodic-like navigation task), mice must be placed in the exact platform location, but not other nearby locations, to recover the spatial memory ([@bib0450]). Researchers have also shown that forgotten infant memories can be recovered using reminder cues up to one month after encoding, when the rodent subjects were approaching adulthood ([@bib0450]). Thus, these experiments indicate that highly specific cues are required to reinstate forgotten memories from infancy, but the correct cues can be effective much later in life.

Despite these results, for humans, the likelihood of reinstating childhood memories for real-world events is low. The specificity of cues required to reinstate forgotten memories in empirical rodent studies poses an issue, since the configuration of cues that would be required for recovering human memories outside of experimental contexts may be impossible to know, especially following delays of many years. Further, these reminder experiments in rodents use tasks that form novel, salient memories in infants, and whether reminders would be effective in recovering everyday, mundane memories in rodents or humans is still unknown. It is possible that IA represents a storage or retrieval failure, depending on the salience or importance of the original infantile memory. Nonetheless, the apparent "reactivation" of infant memories with reminder cues confirms that some memories that appear lost to IA are not completely gone, just harder to access. Importantly, this suggests that some memories formed in the infant brain endure in some form into adulthood, and that neurodevelopment possibly contributes to the difficulty in retrieving these memories later in life.

3. Emerging neurobiological mechanisms of infantile amnesia {#sec0015}
===========================================================

Current psychological theories of IA have emphasized the emergence of adult-like memory persistence with the development of other psychological or neurobiological processes. For example, some theories of IA have posited that infant memories quickly fade because infants lack language ([@bib0850]), sense of self ([@bib0515]), or theory of mind ([@bib0910]), which may be crucial for maintaining memories of an autobiographical nature. These hypotheses are unsatisfactory in fully explaining IA however, as they fail to explain why non-human animals also exhibit amnesia for early life events ([@bib0030]; [@bib1230]; [@bib0450]; [@bib0160]; [@bib1015]; [@bib0025]). Therefore IA, a phenomenon conserved across species, must also be rooted in a neurobiological process that is conserved across species.

Episodic and episodic-like memories in humans and nonhuman animals, respectively, require the hippocampus for their encoding and initial retrieval ([@bib1195]; [@bib1260]). In humans, the hippocampus is activated during the formation and recall of episodic memories ([@bib0255]; [@bib0320]; [@bib0825]), and individuals with hippocampal damage suffer from episodic memory deficits ([@bib0905]; [@bib1125]; [@bib1270]). Research conducted in rodent models parallels these results from human studies. Neuronal activity in rodent hippocampi contains complex codes of discrete experiences ([@bib0685]; [@bib0760]), and inactivation or activation of hippocampal subfields using different approaches can enhance or impair memory encoding ([@bib0600]; [@bib1200]) or block or induce memory recall ([@bib0605]; [@bib0710]; [@bib0890]; [@bib1275]). Clearly, the hippocampus has a critical role in mediating episodic memory, and this function is conserved across species. Accordingly, hippocampal development across early life likely has strong implications for the ontogeny of memory in humans and nonhuman animals.

A predominant and long-standing neurobiological theory of IA held by memory researchers studying humans and nonhuman animals alike is that the emergence of hippocampal function underlies the development of memory persistence ([@bib0100]; [@bib0870]; [@bib1070]; [@bib0845]; [@bib0830]). Indeed, the hippocampus undergoes tremendous anatomical development during the earliest stages of life ([@bib0830]; [@bib0265]; [@bib0405]; [@bib0645]; [@bib0690]; [@bib1120]), which may underlie the emergence of hippocampal memory functions such as spatial cognition at very young ages ([@bib0635]; [@bib1305]). At a finer level of analysis, hippocampal neurobiology also undergoes key changes at the cellular and molecular levels during infancy. Alterations in gene and receptor expression profiles ([@bib1230]; [@bib0310]; [@bib0650],[@bib0655]; [@bib1020]; [@bib1235]), synaptic transmission (e.g., an age-dependent increase in neurotransmitter release ([@bib0285]) and downscaling of silent synapses ([@bib0695]; [@bib0920]), and other mechanisms during infancy have been proposed to trigger the onset of hippocampal function, thereby permitting memory stability ([@bib0290]). However, the finding that forgotten infantile memories encoded before the supposed onset of hippocampal function can be later recovered using specific reminders challenges the idea that IA reflects an incompetent hippocampus. Instead, this raises the possibility that the immature hippocampus can form memories but is unable retrieve them later on. If infantile memories in the hippocampus are successfully formed, why are they forgotten?

In 1972, Campbell and Spear speculated that the rapidly changing neural landscape of the developing brain may be responsible for IA ([@bib0165]). Specifically, they thought that either the ongoing maturation of the brain after memory formation or the immaturity of the brain at the time of memory formation could contribute to forgetting of infant memories. Recent studies on the neurobiology of IA suggest that both of these scenarios could be true. Here we will focus on two neurobiological mechanisms of IA discovered in the rodent hippocampus, although it should be noted that other mechanisms have been identified in the basolateral amygdala (BLA) ([@bib0725]).

First, our lab has shown that the ongoing high levels of neurogenesis in the hippocampus produces rapid forgetting of memories previously formed by infants ([@bib0030]), indicating a role of ongoing hippocampal maturation in forgetting. At the same time, work by Cristina Alberini's group suggests that infant forgetting is due to immaturity of the hippocampus at the time of learning, and that critical period mechanisms triggered by early experience mature the hippocampus so that it can later retain and express long-term memories ([@bib1230], [@bib1240]). Importantly, these two developmental changes in hippocampal neurobiology are conserved across species ([@bib0650],[@bib0655]; [@bib0610]) and therefore could contribute to IA in human infants.

3.1. Infantile amnesia by ongoing hippocampal neurogenesis {#sec0020}
----------------------------------------------------------

Campbell and Spear were the first to consider that the ongoing maturation of the immature brain might affect the ability to recall previously encoded memories ([@bib0165]). They describe a process by which "the increase in number of synaptic junctions following learning somehow impedes access to the previously learned response." Interestingly, new synapses in the hippocampus are continuously generated through the process of new neuron addition, or neurogenesis, which occurs in the dentate gyrus (DG) of mammals throughout life ([@bib0050]; [@bib0195]; [@bib0355]). Neurogenesis is strongly regulated by age such that infants have significantly high numbers of proliferating and immature neurons in the DG, but this sharply declines during childhood ([@bib0555]; [@bib0610]; [@bib0140]; [@bib1130]; [@bib1175]; [@bib1350]). This means that the pattern of neuronal connectivity in memory circuits is under constant remodeling in the infant hippocampus. If stable synaptic connectivity is required for memory persistence ([@bib0485]; [@bib1050]), ongoing neurogenesis in the developing DG likely would disrupt memories over time. Based on this idea, our lab developed the neurogenic hypothesis of IA, which posited that the extensive creation of new neurons in the DG during infancy would re-wire the hippocampus, making it difficult to retrieve memories formed during infancy ([@bib0555]; [@bib0355]). The observations that memory retention increases with age ([@bib1060]; [@bib1035]; [@bib0160]) as hippocampal neurogenesis declines ([@bib0030]; [@bib0255]; [@bib0610]; [@bib1130]; [@bib0975]) provided support for our hypothesis. Now, a series of studies from our lab has tested this hypothesis and shown that hippocampal neurogenesis is a mechanism of forgetting in the developing (and mature) brain ([@bib0030]; [@bib0325]; [@bib0380]; [@bib0530]).

Although neuroscientists had long been interested in the role neurogenesis plays in memory processes ([@bib0195]; [@bib0235]; [@bib1145]), surprisingly no work had examined the effect of ongoing neurogenesis on previously acquired memories. Key to our neurogenic hypothesis of IA was that hippocampal neurogenesis *after* memory formation would cause forgetting. Following this logic, we predicted that increasing or decreasing neurogenesis after memory formation should shorten and lengthen retention, respectively ([@bib0355]). We tested this empirically in adult mice by first asking whether increasing neurogenesis after learning would produce infant-like forgetting. Indeed, increasing neurogenesis using environmental (running wheels for voluntary exercise), pharmacological (memantine or the antidepressant fluoxetine), or genetic (deletion of the tumor-suppressing gene *p53* from neural progenitors) manipulations after learning caused forgetting in a variety of hippocampus-dependent memory tasks ([@bib0030]; [@bib0325]; [@bib0380]; [@bib0530]). Furthermore, if we reduced neurogenesis by genetically ablating neural progenitor cells, we could ameliorate natural forgetting in adult mice, thereby extending the normal retention of hippocampal memories ([@bib0325]).

Our experiments in adult mice demonstrated that we could bidirectionally alter memory retention by speeding up or slowing down the process of hippocampal neurogenesis. We next asked whether reducing postnatal neurogenesis in the DG of infant mice would prevent IA, allowing infant mice to express memories after longer delays. As expected, infant mice that had high levels of hippocampal neurogenesis could retain contextual and spatial memories for one day but not one month, consistent with the IA phenotype ([@bib0030]; [@bib0450]; [@bib0025]). However, by reducing hippocampal neurogenesis with temozolamide (a DNA alkylating agent) or the same transgenic approach used by [@bib0325] to ablate dividing cells in the DG, we could prevent the rapid forgetting in these mice ([@bib0030]). These experiments offered the first causal evidence that high levels of postnatal neurogenesis contribute to amnesia in infants.

While hippocampal neurogenesis is conserved across mammals, high levels of postnatal neurogenesis are absent in precocial species ([@bib0440]). Precocial rodents such as guinea pigs have longer gestation periods (approximately 9 weeks) compared to altricial rats and mice (3 weeks), allowing much of their neurological maturation to occur pre- rather than postnatally ([@bib0040]). Consequently, precocial rodents are born more neurologically mature than their altricial counterparts and can perform functions that are developmentally delayed in mice and rats (e.g., walking and vision) immediately at birth. In alignment with our neurogenic hypothesis of IA, Campbell and colleagues previously reported that 5-day-old guinea pigs have comparable memory retention to adults ([@bib0170]). In other words, precocial guinea pigs that have low levels of postnatal neurogenesis do not display IA. Based on these previous findings, we tested whether the unusually long retention of infant memories in precocial rodents was causally linked to their low levels of postnatal neurogenesis. Compared to mice, in precocial guinea pigs and degus there was only a modest decrease in dividing and immature cells in the DG between infancy and adulthood, and IA was not observed in infants of either species, even after a month delay ([@bib0030]). We reasoned that if the lack of IA in guinea pigs and degus was related to their low levels of neurogenesis, pro-neurogenic manipulations should cause forgetting in these infant rodents as they do in adult mice. Indeed, enhancing neurogenesis in infant guinea pigs and degus made them exhibit the alitricial-like phenotype of accelerated forgetting in infancy ([@bib0030]). The significance of these findings is twofold. First, they show that precocial animals lacking postnatal neurogenesis are an exception to IA. Second and more importantly, they imply that the link between neurogenesis and forgetting may generalize to other mammals, including altricial humans in which postnatal and adult hippocampal neurogenesis occurs ([@bib0555]; [@bib0610]; [@bib0140]; [@bib1175]; [@bib0580]).

One question that remained unanswered from our initial studies is *how* new neurons impede recall of previously formed memories. The finding that forgotten memories can be reinstated with reminders suggests that some infantile memories, although largely inaccessible, must persist in the brain over time. Numerous studies examining the physical representation of memories in the brain, or engrams, converge on the idea that memory engrams involved at the time of learning must be sufficiently reactivated to recall a memory ([@bib0565]; [@bib0710]; [@bib0890]; [@bib1210]). The stability of neuronal circuits is crucial for this reactivation process since artificial ([@bib0485]; [@bib0005]; [@bib1085]) or pathological ([@bib1050]) disruption of synaptic connectivity impairs both engram reactivation and behavioral expression of memories. We hypothesized that post-encoding neurogenesis might produce forgetting in the same way. By adding and possibly removing synapses in the hippocampus through neurogenesis ([@bib0355]; [@bib0715]; [@bib1340]), new neurons may prevent the reactivation of engrams in the hippocampus and other brain regions necessary for memory recall.

Motivated by this idea, we predicted that optogenetic excitation of the engram ([@bib0710]) should be able to reawaken infant memories later in life similar to reminder treatments. We recently tested this using transgenic mice in which we could indelibly "tag" engrams with channelrhodopsin (ChR2) during infancy and reactivate them later in life using blue-light stimulation ([@bib0455]; [@bib0435]). Activating engrams in the DG "tagged" during infancy led to partial recovery of contextual fear memories encoded up to 3-months prior, demonstrating that some memories formed in the infant hippocampus indeed persist there into adulthood. Perhaps more interestingly, we found that optogenetic recovery of infantile memories was associated with better reinstatement of encoding activity patterns (i.e., reactivation of the engram) in the hippocampus and other downstream brain regions. IA can therefore be viewed as a brain-wide phenomenon since the addition of new neurons in the DG disrupts reactivation of the engram not only within hippocampus, but also across the brain.

3.2. Infantile amnesia as a developmental critical period for memory {#sec0025}
--------------------------------------------------------------------

While our data on neurogenesis-mediated forgetting support the idea that continuous maturation of the hippocampus after learning contributes to IA, it is also possible that immaturity of the hippocampus at the time of learning plays a role in rapid forgetting ([@bib0165]). Consistent with the ongoing maturation hypothesis of IA, this view proposes that the infant hippocampus is competent to form episodic-like memories but diverges by stating that infant memories are stored in a distinct form that precludes their retrieval once the hippocampus matures ([@bib0035]). Critically, this hypothesis also asserts that learning during infancy actively matures the hippocampus, which consequently makes infant memories inaccessible. Thus, early learning experiences trigger hippocampal maturation and consequently IA. This model of experience-dependent maturation of the hippocampus parallels that of critical periods in sensory systems during which early sensory experience promotes the emergence of adult-like brain functions ([@bib0505]; [@bib0670]; [@bib0840]). This may mean that IA reflects a critical period for hippocampal memory.

Recent work by Travaglia et al. supports the notion that the hippocampus undergoes a critical period during which it gains the capacity to retain long-term memories ([@bib1230], [@bib1240]). Using hippocampus-dependent passive avoidance (PA) and object location (OL) tasks ([@bib0075]; [@bib0835]; [@bib0955]), the authors first established that infant rats forget some hippocampal memories within hours of learning, but these memories can be reinstated with reminder treatments later in life ([@bib1230], [@bib1240]). Given that reminder treatments could reactivate the seemingly lost memories similar to previous studies ([@bib0450]; [@bib1000]), the authors asked what changes in the developing hippocampus might occlude retrieval of the infant memories in the absence of reminders.

Biochemical assays of hippocampal tissue revealed that during infancy, but not later developmental stages, learning triggered a change in the subunit composition of *N*-methyl-D-aspartate (NMDA) receptors ([@bib1230]). NMDA receptors in the hippocampus are essential for most types of synaptic plasticity and learning ([@bib0885]; [@bib1140]; [@bib1250]), and undergo developmental changes in subunit composition in experimentally naïve animals ([@bib0885]). Specifically, at birth NMDA receptors throughout the brain are predominately composed of GluN2B subunits which negatively regulate AMPA receptor expression and immature synapse formation ([@bib0415]; [@bib0575]; [@bib1285]). However, during the second postnatal week GluN2A subunits are progressively added to NMDA receptors, establishing "mature" NMDA receptor function in part by lowering the threshold for the induction of synaptic plasticity ([@bib1335]). Travaglia, Alberini, and colleagues observed that the hippocampi of infant mice that learned in the PA or OL tasks had a higher GluN2 A/GluN2B ratio (i.e., they more abundantly expressed the GluN2 A subunit compared to GluN2B) compared to naïve infants ([@bib1230], [@bib1240]). This molecular phenotype was similar to more mature hippocampi from juveniles and adults that could retain long-term memories ([@bib1230]), suggesting that learning during infancy actively matured the hippocampus. A similar increase in GluN2A/GluN2B ratio is observed across human development between infancy and early adolescence ([@bib0650],[@bib0655]), suggesting that early learning might engage a similar subunit exchange in humans.

If early learning experiences transition the hippocampus from an immature (primarily expressing GluN2B) to mature (primarily expressing GluN2A) state, might this represent a critical period for memory? Critical periods are stages of early development characterized by heightened plasticity in brain circuitry and sensitivity of developmental trajectories (behavioral and neural) to ongoing experience ([@bib0505]). Importantly, the emergence of adult-like behavioral and neural functions depends on exposure to the appropriate experiences during the critical period. For example, balanced visual inputs during early life are essential for the proper development of ocular dominance patterning in the primary visual cortex (V1) ([@bib0505]; [@bib0670]; [@bib0840]; [@bib0935]). Visual stimuli during this critical period triggers a host of molecular changes in V1 including the switch in the composition of NMDA receptors. In rodents, heightened expression of GluN2A is observed shortly after eye-opening and precedes the end of ocular dominance plasticity. Moreover, sensory deprivation around the time of eye-opening delays GluN2A expression, thereby prolonging the critical period in V1 ([@bib0735]; [@bib0925]), indicating that the incorporation of GluN2A into NMDA receptors is necessary for maturation of the visual system.

These findings in V1 parallel the discovery that infant learning promotes GluN2A expression in the hippocampus towards adult levels ([@bib1230], [@bib1240]), suggesting that early learning may mature the hippocampus in the same way that early visual stimulation develops the visual cortex. In line with this predication, manipulations that cause early expression of GluN2 A in V1 and precociously close the visual critical period, such as engaging brain-derived neurotrophic factor (BDNF) or activating metabotropic glutamate receptor 5 (mGluR5) ([@bib0735]; [@bib0465]), should accelerate hippocampal development and lead to an early decline in IA. In line with this prediction, infusions of BDNF or mGluR agonist DHPG into the hippocampus of infant rats led to an early switch in NMDA receptor subunits and allowed the infants to form more persistent PA and OL memories ([@bib1230], [@bib1240]). In other words, acute interventions of BDNF and DHPG matured the hippocampus, allowing it to remember experiences from infancy for longer durations. Numerous critical period mechanisms have been identified in V1 including the switch in NMDA receptor subunits ([@bib0925]), maturation of perineuronal nets ([@bib0935]), and expression of endogenous prototoxin Lynx1 ([@bib0810]) or myelin-signalling Nogo receptor ([@bib0755]). Whether these critical period mechanisms also contribute to IA remains to be determined, and perhaps more interestingly, whether they regulate other phenomena in the ontogeny of memory is a promising avenue for future research.

4. Psychological foundations of infantile generalization {#sec0030}
========================================================

Ontogenetic memory research has historically focused on memory persistence, while overlooking other aspects of memory that develop similarly across the first years of life. For example, memory specificity also undergoes a protracted course of development that begins at birth ([@bib0590]; [@bib0085]). Specificity is a key aspect of memory that controls how information is used to guide behavior. On one end of the continuum, memories can contain rich details about the place and timing of an event, as well as the experienced sights, smells, and sounds. Remembering the particulars of these features permits one to distinguish between similar episodes of the same event. In this way, learned information can be applied only in the appropriate contexts.

While absolute specificity may seem optimal for mnemonic function, incidents of the same event are never experienced identically. For example, the same event can take place in different locations or at different times of day. Therefore, a degree of memory generalization is often necessary to recall memories when the circumstances of an experience (i.e., the context or associated cues) are altered in some way. In other words, generalization allows information to be used flexibly in situations that differ from the original learning event. Memory generalization is regulated by numerous factors including the initial encoding experience (e.g., stimulus intensity or amount of learning trials), memory age (e.g., recent versus remote memory), and stress. The latter of these is associated with maladaptive memory generalization and is hallmark of neuropsychiatric diseases. However, some generalization can be adaptive, for instance in dynamic environments or in novel situations for which there are no corresponding memories to guide behavior ([@bib0085]; [@bib0990]). The latter of these scenarios may be especially common during early life when many life experiences are novel. Accordingly, in this section, we will focus on age, which also is known to regulate memory generalization, but is an understudied area in memory research.

The balance between memory specificity and generalization undergoes a complex trajectory across early development. The ability to generalize memories across cues and contexts emerges over the first 18 months ([@bib0085]). From this point, memories in toddlers and younger children (approximately 18 months - 10 years) lack detail and are recalled with cues that differ from encoding (i.e., skewed towards generalization). This bias towards memory generalization gradually declines into adulthood when detailed memories are favored, but general knowledge can be utilized depending on the situation (i.e., skewed towards specificity). Here, we will focus on the middle stage of this developmental course which we will refer to as the infantile generalization (IG) period. Although IG has been observed in developing humans and nonhuman animals, this phenomenon is poorly characterized relative to IA. In this section, we will synthesize the current literature related to IG by first reviewing empirical evidence supporting IG as an early stage of memory development. We further discuss previous psychological theories of memory generalization in infants and children. In the following section, we propose neurobiological mechanisms that may be responsible for IG.

The value and utility of memory generalization is underscored by its early emergence in ontogeny. The ability to retrieve memories in novel situations or contexts emerges within the first 1--2 years of life, as illustrated by a series of influential studies by Harlene Hayne and colleagues using the deferred imitation task. In the deferred imitation task, infants are shown a series of actions with a set of props (usually a puppet) during a demonstration phase and then given the opportunity to reproduce the actions following a delay ([@bib0775]). Notably, deferred imitation is thought to assess episodic memory in nonverbal infants ([@bib1005]), since performance is vulnerable to medial temporal lobe damage in older individuals ([@bib0015]; [@bib0750]). Infants as young as 6-months old can imitate actions the day after the demonstration ([@bib0090]; [@bib0490]), but their memory is highly specific in that they fail to imitate when features of the puppet (e.g., color or shape) or the location in which the task is performed is changed ([@bib0080]; [@bib0495]; [@bib0660]). Conversely, generalization in deferred imitation is first observed at 12 months when infants can retrieve action sequences using puppets that differ in color from the demonstration puppet, and by 18-months, infants can generalize their memory across puppets that differ in color and shape and across novel environments (e.g., imitation in the laboratory when demonstrated at home) ([@bib0490], [@bib0495]; [@bib0660]). A similar course of development is observed using visual paired-comparison task, in which 18-month old but not 6- and 12-month old infants exhibit a novelty preference when the stimulus background color is changed between encoding and retrieval ([@bib1010]). While the emergence of memory generalization varies by task---in the operant train task, generalization across train sets (i.e., cues) and rooms in the child's house (i.e., contexts) is observed as early as 9 months ([@bib0480])---memory generalization across stimuli is consistently observed at 18 months of age. These studies indicate that memory generalization emerges early during infancy, providing the foundation for IG throughout early development.

Central to our conceptualization of IG is the idea that not only is generalized memory utilized during early development, but also that generalization may be prioritized over specificity. In line with this view, retrieval in younger children would favor less-detailed, more gist-like memories ([Fig. 2](#fig0010){ref-type="fig"}A). Indeed, when asked to recall specific instances of familiar events (e.g., trips to the grocery store, recent meals, playground activities), 3-5-year old children focus on the routine, rather than distinctive elements of the events, describing what *usually* happens instead of what *did* happen (i.e., "*you do* X" instead of "*I did* X") ([@bib0520]; [@bib0110]; [@bib0860]; [@bib1220]; [@bib0345]). At the same time, these children more easily answer questions that probe general, semantic memory content rather than specific, episodic details. For example, 3-5-year-old children more easily answer questions like "what happens at dinner," that ask for the typical event structure, compared to "what happened at dinner," which requires recollection of a specific experience from the past ([@bib0340]; [@bib0350]). Interestingly, children under the age of 5 disproportionately recall general event information despite being able to remember events in great detail ([@bib0125]; [@bib0850]; [@bib0105]), suggesting that the specifics are not lost, but rather overshadowed by generalities. By comparison, beginning around 6 years of age, children's verbal recall of events becomes more elaborate, and continues to increase in complexity and specificity over the next few years ([@bib0950]). Over this time, children recall more component activities within events as well as variations in the structure of repeated events ([@bib0520]; [@bib0330]; [@bib1150]), indicating that they can and readily do discriminate episodes of similar events.Fig. 2**Infantile generalization in humans and rodents.** (**A**) Memories for episodic events are recalled generally in young children, while memories in adults are recalled more precisely. In the mnemonic similarity task, discrimination of similar lure stimuli from previously learned objects increases with age. (**B**) In rodents, infantile generalization of episodic-like memories can be modelled using contextual fear conditioning tasks. Juvenile rodents generalize learned fear across similar environments (high freezing at recall in a novel context), while adult mice recall fear memories specifically (low freezing in a novel context).Fig. 2

Consistent with the emphasis on memory generalities during verbal recall, IG is characterized by generalized memory retrieval---that is, memory retrieval in the presence of cues that differ from initial learning ([Fig. 2](#fig0010){ref-type="fig"}B). This key feature of IG is supported by empirical studies of memory in both young children and rodents. These studies converge to show that the shape of generalization gradients differs between children and adults. Namely, in contrast to adults that display steep generalization gradients at memory retrieval (i.e., peak responding to conditioned stimuli and low responding to others) ([@bib0305], [@bib0300]; [@bib0295]; [@bib0385]; [@bib0420]; [@bib0705]; [@bib0700]; [@bib1100]), young children respond to a wider range of stimuli after learning, thereby producing broader gradients ([@bib1100]; [@bib0135]; [@bib0765]; [@bib0780]). In fact, children below the age of 5 years produce flat generalization gradients. Children conditioned to respond to the presentation of particular lines, shapes, or auditory tones do so equally even when the stimuli are modified at testing (e.g., rotated, enlarged, etc.) ([@bib0135]; [@bib0630], [@bib0620]; [@bib0625]). Similarly, generalization gradients in adult and infant (approximately 17-day old) rodents mirror those observed in humans. Whereas adult rodents discriminate between conditioned and unconditioned tones and contexts after learning ([@bib0060]; [@bib0425]; [@bib0460]; [@bib0960]), infant rats exhibit flat generalization gradients across auditory ([@bib1075]; [@bib1065]), context ([@bib0055]), and gustatory stimuli ([@bib0190]) after conditioning (but see ([@bib1025]) for example of better context discrimination in infant compared to adult rats).

Children continue to demonstrate enhanced memory generalization compared to adults past the age of 5 years. However, around this time they begin to show some discrimination between learned and novel stimuli. Interestingly, this stage of development corresponds to the same time when episodic details first become regularly incorporated into verbal recall (see above), which may signal the first step towards the development of adult-like memory specificity. For example, in a large-scale study comparing fear generalization in children (8--10 years) and adults (18--50 years), children were more fearful of non-conditioned face stimuli (i.e., CS- and generalization stimuli; GSs) than adults, despite having poorer memory for the scream-paired face (i.e., CS+) ([@bib1100]). Even though children generalized more than adults, they still displayed more fear to the CS + compared to other stimuli, indicating that they could discriminate. While this study involved a fear conditioning paradigm, broader generalization gradients are also observed in children between the ages of 5--10 years after learning positive ([@bib0315]) and neutral associations ([@bib0765]; [@bib0630]). Thus, like IA, IG seems to be agnostic to memory valence ([@bib0555]). Furthermore, enhanced generalization has been reported across visual ([@bib1100]; [@bib0630], [@bib0620]; [@bib0625]; [@bib0395]; [@bib0640]; [@bib0785]), auditory ([@bib0135]; [@bib0375]), spatial ([@bib0765]; [@bib1215]), temporal ([@bib0280]; [@bib0275]), and even semantic ([@bib0780]) dimensions of stimuli in human children up to the age of 12. The observations of generalization across tasks that vary in valence, stimulus modality, and performance demands indicate that IG is a robust phenomenon in childhood memory.

When does the bias towards memory generalization end during development? The answer to this question remains unclear, as there is a lack of systematic experiments on IG. Few studies have directly compared memory generalization in children and adults and even fewer have assessed memory generalization across different stages of childhood ([@bib1100]; [@bib0875]; [@bib1030]). In a study using contextual fear conditioning in rats ranging in age from infancy to adulthood, the transition to adult-like discrimination occurred between P18 and P25 ([@bib0055]), corresponding to a shift during pre-adolescence in human development ([@bib0725]). This data tracks with some human studies on developmental memory generalization---a notable increase in fear and spatial discrimination occurs around the age of 10 years in humans ([@bib0765]; [@bib0395]; [@bib1215])---but other data supports that generalization at recall emerges more gradually. For instance, memory discrimination first improves around the age of 5 ([@bib0135]; [@bib0630], [@bib0620]; [@bib0625]; [@bib0280]; [@bib0875]), but also continues to improve between pre-adolescence and adolescence in humans (9--12 and 13--18 years, respectively) ([@bib0315]) and rodents (approximately 5 weeks) ([@bib0535]). Therefore, it is possible that IG may contain multiple stages (similar to infantile and childhood portions of IA), or that later improvements in mnemonic discrimination represent the development of other, higher-order cognitive faculties. To fully understand the developmental course of IG, more research is needed in humans and animal models that assesses memory generalization across many stages of development using a range of comparable behavioral tasks. In this way, true cross-species comparisons can be made to determine the boundaries of IG.

In addition to further research characterizing IG at the behavioral level, more work is needed to determine why generalized memory is favored during childhood. Multiple theoretical perspectives have been put forth to explain the prominence of memory generalization during early development, but little empirical evidence exists to support these hypotheses. First, in line with ecological models of memory development ([@bib1035]; [@bib1180]), some have proposed that infants and young children may be biased towards recalling general or semantic forms of memory due to their lack of life experiences. In doing so, young children may be able to better predict subsequent occurrences of an event after a single, novel experience ([@bib0520]; [@bib0350]). Indeed, in the context of word referent learning, infants as young as 12 months can rapidly evaluate statistical task information to learn ambiguous word-object pairings ([@bib0045]; [@bib1160]) (although they also show a tendency to generalize learned word names from exemplars to similar, novel objects (e.g., similar shapes) ([@bib0205]; [@bib1165]), lending support to the notion that infants quickly identify commonalities between events to guide behavior. This is in stark contrast to semanticized memory in adults, which is typically thought to emerge gradually over time or as one accumulates similar experiences of an event ([@bib0990]; [@bib0245]; [@bib0820]; [@bib0995]; [@bib1225]; [@bib1310]). While a shortage of experiences likely contributes to memory generalization in children ([@bib0520]), it alone cannot account for IG since increasing experience with an event (e.g., number of experiences or training trials) in young children does not result in comparable memory specificity to older children and adults ([@bib0950]; [@bib0330]; [@bib0625]) and sometimes even widens young children's generalization gradients ([@bib1215]). Therefore, other age-related factors must also contribute to IG.

Other explanations of memory generalization during development have focused on the distinction between perceptual confusion and learned equivalence. In other words, does memory generalization during development occur because children are unable to perceive differences between stimuli or because children learn to treat discriminable stimuli as functionally equivalent? Both of these scenarios may contribute to IG. On one hand, perceptual confusion is likely to occur if previously learned stimulus features are forgotten ([@bib0085]). Following this line of thinking, memory generalization should be absent shortly after memory formation and increase with time ([@bib0245]), consistent with the co-occurrence of IA during development. Some studies of memory generalization in infant humans ([@bib0145]) and rats ([@bib0055]) have shown that memory is retrieved specifically after shorter delays (days and hours in adults and infants, respectively) but generally after longer delays (weeks and days, respectively), which may suggest that forgetting memory details over time produces generalization. However, other researchers have shown that infants and children exhibit generalization immediately after memory encoding ([@bib0765]; [@bib0630], [@bib0625]; [@bib0280]; [@bib0120]). Even more interesting is the finding that infants recall generalized memories involving stimuli they can perceptually discriminate ([@bib0630]; [@bib1065]). In one striking example, 14-day old rats were shown to discriminate between a 2 kHz tone and tones that were ± 0.2 kHz using a habituation procedure, but when 17-day old rats were trained to associate the 2 kHz tone with the taste of sucrose, licking behavior was observed in response to tones that were ± 1 kHz in frequency ([@bib1065]). Thus, associative memory formation may modify how cues are processed during childhood in a way that elicits memory retrieval more generally.

Lastly, and perhaps not surprisingly, some theories related to IG have emphasized the role of IA in the early bias toward memory generalization. Different theories such as the fuzzy-trace theory ([@bib0150]), rooted in human cognitive psychology, and forgetting of stimulus attributes ([@bib0150]; [@bib0985], [@bib0980]), developed primarily from work done in rodents, share this view. Similar to the idea of perceptual confusion, these theories put forth that memories are encoded simultaneously as detailed (also referred to as verbatim or episodic) and general (also gist or semantic) representations, that are differentially affected by forgetting. Namely, episodic information is vulnerable to accelerated forgetting during childhood while semantic information is not ([@bib0865]). Consequently, the forgetting of detailed information over time in children may promote reliance on generalized memory representations. Indeed, the ontogenetic profiles of early life amnesia and generalization overlap significantly, with shifts in mnemonic discrimination following shortly after increases in memory retention (see above). Experiments in humans and rodents have also found that reminders prior to testing alleviate forgetting as well as increase memory specificity in infants ([@bib0055]; [@bib0145]), which suggests that IA and IG during development may be functionally linked. If so, an exciting area of future research is to determine whether these phenomena share similar underlying mechanisms. Our increased understanding of the neurobiology of IA might provide a foundation for the beginnings of neurobiological research on IG.

5. Potential neurobiological mechanisms of infantile generalization {#sec0035}
===================================================================

Contemporary neuroscience research is only now uncovering the roots of IA at the levels of circuits, cells, and molecules in the brain ([@bib0030]; [@bib1230]). In contrast, neurobiological research on other developmental memory phenomena has lagged behind, with little research being aimed at identifying the brain mechanisms responsible for IG. Previous research aimed at understanding the neural correlates of specific versus generalized memories in adults has implicated the hippocampus in balancing memory precision ([@bib0825]; [@bib1080]; [@bib0445]). Therefore, like the ontogeny of memory persistence, the ontogeny of memory specificity may also be regulated by hippocampal development.

Here, we adopt the view that maturation of the hippocampus may drive the transition to adult-like memory specificity ([@bib0590]). Given its role in encoding and recalling richly detailed memories, we propose that the poor specificity of childhood memory may reflect the immaturity of the hippocampus at many levels. In this section, we highlight two candidate mechanisms in the developing hippocampus that may account for memory generalization during early life. The aspects of hippocampal maturation discussed here are restricted to the scale of circuits and molecules; however, at a larger scale, asymmetrical anatomical development of hippocampal subfields may also contribute to IG (reviewed by [@bib0590]; [@bib0410]. The mechanisms we discuss---hippocampal neurogenesis and perineuronal nets---may similarly regulate the allocation of memory representations to similar or distinct neuronal populations. It is our view that this general mechanism may underlie memory generalization during multiple stages of development, including childhood ([@bib0060]; [@bib0425]; [@bib0390]; [@bib1110]; [@bib1115]).

5.1. Hippocampal neurogenesis, pattern separation, and pattern integration {#sec0040}
--------------------------------------------------------------------------

As discussed above, hippocampal neurogenesis is elevated during infancy and early childhood in altricial species, and our group discovered that these high rates of postnatal neurogenesis are causally linked to amnesia for early hippocampal memories ([@bib0030]). Yet, neuroscience research spanning over a decade supports a broader role for newly generated neurons in memory (reviewed in [@bib0235]; [@bib0010]). As a prime example, hippocampal neurogenesis is widely accepted to be critical for pattern separation---the process of transforming similar neural representations into distinct output representations---by the DG ([@bib0130]; [@bib1245]). At the neuronal population level, this entails coding of memory engrams for similar experiences in orthogonal groups of cells ([@bib1095]). Indeed, in adult mice, rates of hippocampal neurogenesis are tied to engram overlap in the DG and CA3. Studies have shown that elevating neurogenesis promotes greater separation of cell assemblies representing different experiences ([@bib0745]), whereas reducing neurogenesis has the opposite effect ([@bib0880]). At the behavioral level, these neural phenotypes in the hippocampus manifest as enhancements or impairments in behavioral discriminations, respectively ([@bib0745]; [@bib0880]; [@bib0200]; [@bib1090]). These findings extend to adult humans, in which exercise and stress---factors known to modulate rates of hippocampal neurogenesis---have similar effects on mnemonic discrimination ([@bib0240]; [@bib0595]).

Hippocampal neurogenesis may contribute to pattern separation at the behavioral and neuronal population levels by engaging inhibitory circuits in the hippocampus. First, granule cells 4--6 weeks after cell division are more excitable than their mature counterparts ([@bib0195]; [@bib0730]; [@bib0805]), allowing these specific neurons to be preferentially allocated to memory engrams ([@bib0890]; [@bib0430]; [@bib0560]; [@bib0570]; [@bib1345]). Activation of these immature neurons during memory encoding and retrieval thus likely recruits feed-forward inhibition in the DG and CA3 ([@bib0770]). Immature neurons in the DG form contacts with inhibitory interneurons in the hilus and CA3 ([@bib0975]; [@bib1300]), and in doing so, indirectly promote circuit inhibition and sparse activation of mature principal neurons in the DG and downstream structures ([@bib0880]; [@bib0270]; [@bib0525]). Therefore, by driving inhibitory interneuron activity, these immature neurons influence the uniqueness of hippocampal engrams (i.e., engram size and separation) ([@bib1200]; [@bib0445]), thereby conferring specificity to memories.

If greater hippocampal neurogenesis improves pattern separation, why then do children with relatively high levels of neurogenesis discriminate memories so poorly? Based on the experiments described above, it should follow that the immature DG is an excellent pattern separator. One possibility is that the neural circuitry for pattern separation is not yet fully developed in children. If true, increasing levels of neurogenesis would have minimal effects on pattern separation abilities. Some human cognitive neuroscientists subscribe to this view, based on the findings that young children perform poorly on mnemonic similarity tasks in which they must discriminate novel lure stimuli from previously encountered exemplars (performance in these tasks is thought to require hippocampal pattern separation) ([@bib0590]; [@bib0875]; [@bib1030]) and that the DG and CA3 in humans and nonhuman primates undergo slower anatomical development compared to other subfields ([@bib0645]; [@bib0410]; [@bib0585]; [@bib0665]). Because of the more protracted development of the DG, early memories may be encoded less precisely downstream in CA1, which has been identified as a locus for memory integration ([@bib1115]). However, functional imaging data in children performing pattern separation behaviors is needed to support this claim.

IG in the presence of high rates of neurogenesis may also be reconciled by research suggesting that immature granule cells are "pattern integrators." In other words, the broad tuning and elevated intrinsic excitability of immature granule cells ([@bib0730]) may allow these cells to encode or respond to multiple different experiences. Aimone, Wiles, and Gage first proposed the pattern integration hypothesis based on their computational model of the DG in which they observed similar activation of immature granule neurons by sequentially learned events ([@bib0020]). In a different line of work, researchers have shown that memory formation enhances excitability within hippocampal and amygdalar engrams for approximately 6 h, allowing a second memory to become co-allocated to the same cell assembly ([@bib0005]; [@bib0155]; [@bib0970]). While this phenomenon has not yet been demonstrated in the DG, let alone immature granule cells, these findings lend some support to the pattern integration hypothesis. That is, memory co-allocation follows the same basic principle as pattern integration: enhanced excitability allows multiple experiences to be coded by the same population of neurons.

More direct evidence for pattern integration in the DG comes from recent empirical work employing *in vivo* recordings to simultaneously monitor activity in immature and mature granule cells. Danielson and colleagues found that while adult mice traversed virtual environments, their immature granule cells were more active than mature cells (i.e., they were more excitable) but less spatially tuned ([@bib0215]). Accordingly, immature granule cells encoded two different environments more similarly than mature cells, indicative of greater representational overlap within the immature cell population. This type of representation overlap between events is likely greater in the developing hippocampus since the pool of immature granule neurons is much larger during childhood than adulthood. Furthermore, the immature DG might be biased towards pattern integration if inhibitory circuits involved in pattern separation may still be underdeveloped. Future studies combining transgenic approaches to specifically label and manipulate immature granule cells active during learning may be able to directly test this pattern integration hypothesis and determine how it contributes to memory generalization during childhood.

5.2. Expression of perineuronal net molecules {#sec0045}
---------------------------------------------

In parallel with the protracted ontogenesis of hippocampal anatomy and circuitry, the molecular profile of hippocampus develops slowly across early life, displaying marked changes in both basal ([@bib1235]; [@bib0800]) and experience-dependent ([@bib1230]; [@bib1020]; [@bib0225]) transcription and translation. Therefore, much like the presence of vast numbers of young granule cells in the immature DG, the changing expression profiles of specific molecules in the developing hippocampus might modulate pattern separation within the hippocampus. More specifically, given the profound regulation of engram formation and recall by interneurons, molecules localized to inhibitory circuits may be privileged in balancing memory specificity and generalization. Here, we focus on a set of molecules that compose perineuronal nets (PNNs), structures in the brain extracellular matrix that are closely associated with inhibitory interneurons. We hypothesize that the development of PNNs around distinct classes of interneurons may establish mature inhibitory circuit function in the hippocampus, and consequently promote adult-like memory specificity.

PNNs are specialized extracellular structures found in the hippocampus and throughout the CNS ([@bib0250]; [@bib0615]; [@bib1170]; [@bib1280]). A host of molecules contribute to the lattice-like structure of PNNs, with the main components including polymerized chains of hyaluronan (forming the backbone of PNNs), tenascin-R, link proteins (e.g., hyaluronan and proteoglycan link protein 1; HAPLN1), and chondroitin sulfate proteoglycans (CSPGs) ([@bib0250]; [@bib0180]; [@bib0210]; [@bib0230]). Of special interest to brain development are CSPGs belonging to the lectican family (i.e., aggrecan, brevican, neurocan, and versican), which initially are expressed at low levels in rodent and human neonates but continually increase in abundance through childhood and adulthood ([@bib0335]; [@bib0365]; [@bib0740]; [@bib0795]; [@bib1265]). Complete PNN maturation in the rodent hippocampus measured by CSPG immunohistochemistry (i.e., staining density and/or intensity) occurs somewhere between the 2 weeks and 2 months of age ([@bib1320]), although adult levels of specific CSPGs like brevican may be achieved earlier ([@bib0335]).

CSPGs in the hippocampus are not randomly dispersed in the extracellular space. Rather, throughout the adult brain they are closely associated with GABAergic cells, preferentially surrounding parvalbumin-expressing (PV+) interneurons ([@bib0335]; [@bib1320]; [@bib0675]; [@bib1325]; [@bib1330]) (in the hippocampus, subfield CA2 is an exception [@bib0175]; [@bib0680]). Although not studied as extensively in the hippocampus, the scarcity of CSPG-containing PNNs around PV + interneurons during development in the BLA and V1 has been linked to critical periods for fear learning ([@bib0400]) and ocular dominance patterning ([@bib0935]; [@bib0675]), suggesting that CSPG expression may be a brain-wide mechanism for regulating plasticity ([@bib0670]). Moreover, because critical periods in the BLA and V1 can be reopened in the adult brain by enzymatic digestion of CSPGs with chondroitinase, it is thought that the development of CSPG-rich, mature PNNs around PV + interneurons restricts juvenile plasticity to close critical periods ([@bib0505]; [@bib0840]).

How CSGP expression specifically curbs critical period plasticity is not completely understood, but some research points to a role for CSPG accumulation in establishing adult-like inhibitory function of PV + interneurons. A recent study focusing on the CGSP brevican found that, in the mouse hippocampus, PV + interneurons wrapped by brevican received more glutamatergic inputs and fired more action potentials than interneurons lacking brevican, despite having higher firing thresholds ([@bib0335]). In other words, PV + cells surrounded by brevican were less excitable than their naked counterparts but were more efficient once activated (see also [@bib0070]). Going even further, these authors demonstrated that developmental deletion of brevican using knockout mice or local RNA interference prevents the normal maturation of synaptic contacts and intrinsic properties of hippocampal PV + interneurons. Consistent with these findings, others have shown that CSPG digestion in V1 of adult rats reduces firing from fast-spiking interneurons *in vivo*, shifting the balance between cortical excitation and inhibition ([@bib0675]). Thus, low expression of CSPGs during development maintains heightened plasticity during critical periods by supporting weak GABAergic inhibition by PV + interneurons.

How might reduced inhibition in the developing hippocampus produce IG? The weak circuit inhibition permitted by low levels of CSPGs during development may produce overlap of different experiences at the level of cell assemblies, much like the pattern integration phenomenon described above. In adult mice with enhanced hippocampal plasticity conferred by a low PV-network state (which can be triggered by CSPG removal or housing in enriched environments), memory formation results in greater immediate-early gene (IEG) expression ([@bib1080]; [@bib0260]), suggesting that these memories are encoded by enlarged engrams. A similar expansion of engrams occurs when PV + interneuron activity is directly attenuated during learning using chemogenetics ([@bib0815]), indicating that inhibitory activity from PV + interneurons is responsible for constraining the size of engrams. To our knowledge, hippocampal engram size has yet to be directly compared between developing and adult animals. However, basal expression of IEGs in the dorsal hippocampus is elevated in young, naïve rodents compared to naïve adults ([@bib1235]). Additionally, the findings that fear memory retrieval and visual experience result in greater IEG induction respectively in BLA and V1 of juvenile (\<P30) compared to adult (\>P70) rodents support the idea that the same experiences recruit more neurons during early life compared to adulthood ([@bib0545]; [@bib1205]; [@bib0370]).

Even less is known about how two different experiences activate cell assemblies in the developing hippocampus, which has implications for memory generalization ([@bib0425]). We speculate that engram expansion occurs during development, and in these scenarios, the probability of representational overlap between experiences is increased. Engram overlap in development could happen by chance since the imprecise coding of memories in large populations of neurons increases the probability of sharing cells between representations. Alternatively, weak inhibition also might allow inappropriate recall of engrams during novel experiences. In this way, recall of a previously encoded memory may guide behavior in novel contexts.

Several critical studies are needed to test the hypothesis that IG is the result of imprecise neural coding granted by immature CSPG expression. First, direct comparisons of memory representations in development (during and after IG period) and adulthood should be made using engram tagging methods similar to those used by Guskjolen and colleagues ([@bib0455]). These experiments will identify qualitative differences in engram formation and recall between experiences (i.e., engram size and overlap) and provide direct evidence that the developing brain processes memories differently than the adult brain. These experiments should be supplemented by a complete time course of CSPG development around PV + interneurons to determine whether PNN maturation correlates with memory specificity across development, as well as memory engram size. Finally, experiments manipulating CSPGs in the hippocampus of infant and adult animals will provide causal evidence that PNN maturation in the hippocampus regulates memory specificity both at the behavioral and neural population levels.

6. Conclusions and future directions {#sec0050}
====================================

The study of the ontogeny of memory has benefitted in recent years from rapid technological advancements in neuroscience methods. The application of advanced approaches to observe and manipulate memory molecules, cells, and circuits ([@bib0720]; [@bib1135]) in the developing brain has paved the way to a better understanding of infantile amnesia from a neurobiological perspective.

Specifically, two recent lines of research on the neural bases of IA provide support for Campbell and Spear's original proposals that both ongoing brain maturation after learning---in the form of hippocampal neurogenesis ([@bib0030])---and immaturity of the brain at the time of learning---based on a shortage of mature, GluN2 A-contraining NMDA receptors ([@bib1230], [@bib1240])---contribute to amnesia for childhood memories ([@bib0165]). Even more, research using advanced optogenetic tools in infant mice has overturned the prevailing dogma that IA reflects the infant hippocampus being unable to form declarative memories ([@bib0100]; [@bib0870]; [@bib0845]; [@bib0290]). Instead, new work from our lab has shown that, despite being rapidly forgotten, some memories formed during infancy persist in the hippocampus into adulthood and can be reactivated by direct stimulation of hippocampal engrams ([@bib0455]). Much is still to be learned about IA, but given the new research avenues afforded by modern neuroscience tools, interest in the psychology and neuroscience of IA will likely endure as it has now for nearly 50 years ([@bib0165]; [@bib0725]; [@bib0540]; [@bib0855]).

Moving forward, in addition to continued research on IA, neuroscientists studying the ontogeny of memory should turn their attention to other developmental memory phenomena, such as IG. The bias towards memory generalization during infancy and early childhood is observed robustly across-species, yet a clear neurobiological mechanism for this phenomenon has yet to be identified. We speculate that developmental aspects of hippocampal maturation---high levels of postnatal neurogenesis and low levels of perineuronal net molecules---may promote similar neural coding for distinct experiences ([@bib0425]; [@bib0390]; [@bib1110]; [@bib1115]; [@bib1105]), which in turn may produce memory generalization during childhood.

As discussed above, these questions can now be answered by employing contemporary approaches that are becoming increasingly accessible in developmental research. Progress in collecting high-resolution fMRI data from human infants and children will be necessary for determining the regional contributions of the hippocampus to memory generalization and specificity ([@bib0830]; [@bib0945]). In rodents, methods to tag and later observe and manipulate memory engrams in the rodent brain ([@bib0455]) can be used localize overlapping memory representations to specific cell populations (e.g., immature granule neurons in the DG) and probe the content of generalized infant memories. Genetic mutations or viruses can also be introduced into the developing brain to knock-down or overexpress genes of interest ([@bib0335]; [@bib0900]) that are predicted to influence IG (e.g., genes for CSPGs or other PNN molecules). Lastly, viral vectors carrying chemo- or optogenetic effectors can be utilized to discover how activity in defined cell types (e.g., immature granule neurons or PV + interneurons) in the hippocampus shift the balance between generalization and specificity across development ([@bib0265]; [@bib1315]; [@bib0065]). In closing, the use of advanced methods to study memory development will accelerate our understanding of the neurobiology of IG, and potentially aid in the identification of novel therapeutic targets for treating neurodevelopmental and neuropsychiatric disorders characterized by inappropriate memory generalization.
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